Next-generation bone implants will be functionalized with drugs for stimulating bone growth. Modelling of drug release by such functionalized biomaterials and drug dispersion into bone can be used as predicting tool for biomaterials testing in future. Therefore, the determination of experimental parameters to describe and simulate drug release in bone is essential. Here, we focus on Sr 2þ transport and quantification in cortical rat bone. The results allow important insights regarding the Sr 2þ transport properties in healthy and osteoporotic bone and can ultimately be used to perform a simulation of drug release and mobility in bone.
Next-generation bone implants will be functionalized with drugs for stimulating bone growth. Modelling of drug release by such functionalized biomaterials and drug dispersion into bone can be used as predicting tool for biomaterials testing in future. Therefore, the determination of experimental parameters to describe and simulate drug release in bone is essential. Here, we focus on Sr 2þ transport and quantification in cortical rat bone. Transmission electron microscopy investigations revealed a comparable nano-and ultrastructure for both types of bone status. Additionally, Sr 2þ -enriched mineralized collagen standards were prepared for ToF-SIMS quantification of Sr 2þ content. The obtained calibration curve was used for Sr 2þ quantification in cortical and trabecular bone in real bone sections.
Introduction
Osteoporosis is a systemic bone disease, characterized by a reduction in bone density [1] . In recent years, there was a growing interest in strontium as an orally administered therapeutic agent in osteoporosis therapy due to the dual effect of Sr 2þ ions on bone metabolism: they promote new bone formation by stimulating osteoblasts and simultaneously inhibit osteoclastic bone resorption. These beneficial effects lead to accelerated bone growth, which was shown in numerous studies [2] [3] [4] [5] . Additionally, it was shown that treatment with strontium ranelate improves implant osseointegration [3, 6, 7] . However, the bioavailability of & 2019 The Author(s) Published by the Royal Society. All rights reserved.
pharmaceutically active Sr 2þ ions by oral medication is only about 20% [8] and systemic treatment of osteoporosis with strontium ranelate is associated with some adverse side effects [9] . For that reason, there are several approaches to develop systems allowing accelerated and increased osseointegration of implants by local release of strontium. Studies have already shown that local release of Sr 2þ ions, e.g. from strontium-functionalized titanium implant surfaces, increases the volume and microarchitecture of bone tissue around the implants. Thereby, both implant fixation and osseointegration are improved [7, 10] . In addition to titanium implants, calcium phosphate cements (CaP) are used as bone replacement materials in fracture healing. CaP cements have a chemical similarity to natural bone mineral phase, possess excellent biocompatibility and are both resorbable and osteoconductive [11] [12] [13] [14] [15] . They also enable the release of therapeutic agents right at the bone fracture site and thus limit drug release to the fracture area. It was shown in vitro that incorporation of strontium into CaP leads to inhibition of osteoclastic resorption as well as stimulation of osteoblast-like cells [11, 16] . Furthermore, strontium-doped CaPs accelerate the fracture healing process of osteoporotic bone by increasing bone formation in vivo [12, 17] .
Properties and characteristics of local drug release from such cements as well as drug mobility in bone tissue play an important role in the development and evaluation of new biomaterials. Ideally, the active ingredient should be released over a certain period in a constant dose. The drug concentration in the surrounding tissue should be slightly above the effective threshold. In numerous studies, the release behavior of active substances from biomaterials into water, cell culture medium or simulated body fluid is investigated [18] [19] [20] .
However, for practical and technical reasons, it is a challenge to follow the kinetics of drug release, spreading and degradation of implant materials in vivo. With the analytical methods typically used in pharmaceutical studies, it is not possible to detect substances spatially resolved in bone. Furthermore, active ingredients are often administered in small doses and most imaging methods require high concentrations of the substances. This might be one reason for the deficit in the description of drug release from bone replacement materials and their transport in bone in the current literature.
In two studies of Giers et al. [21] and McLaren et al. [22] , drug detection has been achieved in vivo by magnetic resonance imaging (MRI). One drawback of this method is that both the concentration of the drug and the contrast agent chemically bound to the drug as a marker must be very high for MRI. A second drawback is the marker itself because it can significantly influence the drug distribution behaviour.
Post-mortem examination of bone samples is another way to estimate and map drug distribution using analytical methods. Most promising detection methods are mass spectrometry imaging methods like time-of-flight secondary ion mass spectrometry (ToF-SIMS) [23] . ToF-SIMS is currently the only mass spectrometry imaging technique that allows simultaneous detection of organic and inorganic substances in trace concentrations with a spatial resolution down to 100 nm [24] . Owing to its high sensitivity and high-resolution imaging capability, ToF-SIMS has already been used in numerous studies for analysis of bone formation, biomaterial -protein interactions or implant-tissue interactions [12,25 -27] .
In a recent study, we successfully determined the Sr 2þ diffusion coefficients for healthy and osteoporotic trabecular bone by ToF-SIMS depth profiling [28] . These experimentally obtained parameters were used to perform a simple simulation of drug release and mobility in bone by finiteelement calculation. Other parameters necessary for the simulation, like diffusion coefficients for cortical bone or bone marrow, were only estimated. Therefore, our current study is a follow up based on our previous study aiming to investigate Sr 2þ diffusion in cortical rat bone.
For assessment of new functionalized bone cements, the determination of spatially resolved drug distribution and concentration in bone is essential. In general, quantification using ToF-SIMS is quite challenging. The ionization process as well as secondary ion yields strongly depend on the chemical and physical environment of the elements and molecules in the sample [29 -31] . This so-called matrix effect stands for the variability of ion yields of the same analyte in different chemical environments. Therefore, appropriate standards that possess a nearly identical composition as the analysed material are required. Henss et al. [29] showed successful quantification of calcium in bone by ToF-SIMS, using standards with an almost identical composition as natural bone.
In the present paper, we focus on Sr 2þ transport properties in healthy and osteoporotic cortical rat bone. GmbH, Lage, Germany) (electronic supplementary material, table S1). pS100 was used as the biomaterial, pS100 is the paste variant of the strontium-substituted cement S100 which is described in previous studies [11, 25] . A strontium-substituted cement precursor was prepared according to [11] . Afterwards, the precursor powders were mixed with 2.5 wt% finely grounded K 2 HPO 4 and dispersed in a carrier liquid consisting of Miglyol 812 with 14.7 wt% Cremophor ELP (BASF) and 4.9 wt% Amphisol A (Brenntag AG) according to [33] resulting in a paste-like strontium-containing cement. Characterization of pS100 is described in [34] .
For pS100 material implantation, a wedge-shaped osteotomy was performed on the distal end of the left femur after 12 weeks of osteoporosis induction ( previously described in [17] , only for the OVX group). The distal femur was fixed laterally with a seven-hole T-shaped mini-plate (Leibinger w XS-miniplate, Stryker, Schö nkirchen, Germany). Afterwards, a wedge-shaped defect with lateral length of 4 mm and medial gap of 0.35 mm was created in the distal metaphyseal area using an ultrasound bone saw (Piezosurgery w 3, Saw blade OT7S-3, Mectron, Kö ln, Germany). The defect was either filled with pS100 or left empty (control group) (n ¼ 10 animals, respectively) and allowed to heal six weeks before euthanasia.
All animals were euthanized 18 weeks post-ovariectomy under inhalation of CO 2 after general anaesthesia. Right femurs of SHAM and OVX as well as left femurs of the OVX group with biomaterial and empty defect were harvested. All surrounding soft tissue was removed. Femurs were fixed in 4% formalin and dehydrated in a series of alcohol gradient xylol before final embedding in methylmethacrylate (Technovit 9100; Heraeus Kulzer, Hanau, Germany). Right femurs without biomaterial were cut into sections of 20-50 mm thicknesses and ground before further analysis.
Technovit blocks of left femurs with implanted biomaterials and empty defect were sectioned into 5 mm thick slices with the aid of Kawamoto's film (Section-Lab Co. Ltd, Japan) to keep the biomaterials intact. For mass spectrometry analysis, sections were deplastified with 2-methoxyethyl acetate (MERCK, Germany) triple for 20 min each and dried before further analysis. For quantification of Sr 2þ content in rat bone, one bone section of each of three animals of the empty defect (control) group and one bone section of each of four animals of the pS100 group were analysed.
Dipping experiment
Ground bone sections of right femurs were fully immersed in 1 mol l 21 strontium chloride solution for 10 min, rinsed afterwards with Milli-Q w water and air-dried. A high concentration was chosen in order to get good statistics in the following mass spectrometric analysis. ToF-SIMS depth profiling was carried out on one bone section of each of three healthy (SHAM) and three osteoporotic (OVX) animals. Therefore, on each sample, three depth profiles were carried out in the centre area of cortical bone.
Collagen standards
According to a method of simultaneous collagen fibril reassembly and mineralization developed by Bradt et al. [35] , membranes from biomimetic mineralized collagen (tapes)
were prepared as described in [36] . Briefly, acid-soluble collagen type I isolated from calf skin (Collaplex 1.0, GfN, Germany) was dissolved in 10 mM hydrochloric acid. To generate a standard curve, the collagen solution was then mixed with either 0.1 M CaCl 2 (Sr-free tapes) or with defined combinations of 0.1 M CaCl 2 and 0.1 M SrCl 2 solutions (4, 3, 2, 1, 0.75, 0.5 wt% Sr-modified tapes). The pH was adjusted to 7.0 using 0.5 M TRIS ( pH 11) and 0.5 M Sørensen phosphate buffer ( pH 7.4), allowing the simultaneous collagen fibril reassembly and precipitation of nanocrystalline hydroxyapatite and Sr-containing mineral phases during an incubation at 378C for 12 h. The precipitate consisting of about 30 wt% collagen and 70 wt% mineral phase was collected by centrifugation and resuspended in distilled water (1 g collagen per 100 ml). To prepare the membrane-like tapes, mineralized collagen was condensed by vacuum filtration using a porous G4 glass filter frit (Schott, Germany). The densified material was then cross-linked by a 1% aqueous solution of N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride for 1 h, rinsed thoroughly in distilled water, in 1% glycine solution and once again in water. For the present study, circle-shaped samples with a diameter of 12 mm were cut from the material before they were frozen at 2208C and freeze-dried.
Inductively coupled plasma optical emission spectrometry
Inductively coupled plasma optical emission spectrometry (ICP-OES, iCAP 6500 Duo View, Thermo Fisher Scientific, USA) was used for chemical element analysis of the mineral phase of the Sr-substituted tapes. Therefore, the tapes (n ¼ 3 of each group) were dissolved in 0.45 ml 65% HNO 3 (Merck, Germany) for 10 min at room temperature, while shaking at 400 min 21 . The digested solution was then diluted with ultrapure water to 15 ml and filtered using 0.45 mm polypropylene (PP) syringe filter (VWR International, USA). The concentrations of Ca 2þ , Sr 2þ and PO 3À 4 were determined after calibration with data from element standards (High Purity, USA) measured in bracketing mode.
Time-of-flight secondary ion mass spectrometry
ToF-SIMS measurements were carried out in the positive ion mode with a ToF-SIMS 5-100 machine (IonToF GmbH, Mü nster, Germany) equipped with a bismuth cluster primary ion source (25 keV) and Cs, O 2 and Ar x sputter guns. Depth profiling of cortical bone of ground samples, collagen standards and bone cross-sections was performed in the noninterlaced mode. The sample surface was in each case analysed in an area of 75 Â 75 mm 2 with 25 keV Bi royalsocietypublishing.org/journal/rsif J. R. Soc. Interface 16: 20180638
The sputter current was between 290 and 340 nA. Charge compensation was done with a low-energy electron flood gun. Overview two-dimensional images of whole bone sections were obtained by the so-called stage scans in the spectrometry (low-current bunched) mode with the following parameters: 10 shots/pixel, rastered in sawtooth mode, 10 frames per patch, cycle time 55 ms and three scans. The obtained mass resolution m/Dm was for all measurements better than 3000 for the Ca þ mass signal. More detailed images of smaller areas were taken in the delayed extraction mode: 512 Â 512 pixel, 10 shots/pixel, 50 scans (1024 Â 1024 pixel, 1 shots/pixel, 100 scans) with a delay time of 0.135 ms and a current of 0.08-0.1 pA. More detailed information on SIMS measurements of bone is described in [26, 37] .
Transmission electron microscopy
To prepare the electron-transparent TEM specimen of cortical bone, the focused ion beam technique was used. In the first step, a thin lamella of a thickness of about 1 mm is exposed by a focused gallium ion probe (energy: 30 eV) in a Zeiss Cross Beam 1540 XB (Oberkochen, Germany). After welding of this lamella onto a special girder, it was finally thinned by the gallium ion probe with lower energy (5 keV) until a thickness less than 100 nm is reached. The complete sample processing is done under scanning electron microscopic control. A protection bar of hydrocarbon with platinum is deposited onto the sample before starting the procedure in order to minimize the amorphization. The transmission electron microscopic analyses were done using an FEI TEM/STEM microscope Tecnai F30 ST (Eindhoven, The Netherlands). The accelerating voltage used during the measurements was 300 kV reaching a resolution limit of better than 0.2 nm. TEM analysis was carried out with samples of one healthy (SHAM) and one osteoporotic (OVX) animal.
Quantification of collagen fibrils using FibrilTool
Quantification of collagen fibrils regarding their anisotropy and average fibril array orientation was applied using the ImageJ plugin FibrilTool. FibrilTool quantifies collagen fibrils in a region of interest (ROI) of a high-resolution TEM (HRTEM) image using ImageJ software (ImageJ version 2.4, National Institutes of Health, Bethesda, MD, USA). The concept of nematic tensor approach from liquid crystals is used to quantify the main orientation of fibrillary structures in the analysed image [38, 39] . The output is a statement about how the fibrils are aligned and are computed on the basis of pixel intensity level in the selected ROIs. Under the presumption that fibrils favour a definite orientation along a given axis, fibrils are considered isotropic when no alignment is seen (scored with zero), whereas perfectly arranged fibrils are considered anisotropic (scored with one). 1) ) to the experimental data. As boundary conditions for solving Fick's second law of diffusion, we assumed diffusion from an exhaustless source into semi-infinite space [40] . Owing to the proportionality between species concentration and secondary ion intensity in SIMS, the fit can be carried out with the obtained signal intensities.
Statistical analysis
royalsocietypublishing.org/journal/rsif J. R. Soc. Interface 16: 20180638 where c bg is the background concentration of Sr 2þ ; c 0 is the concentration of the infinite source; x is the position/depth; x 0 is the starting point of the diffusion profile; D is the diffusion coefficient; t is the diffusion time.
The mass spectrometric information of each analysis layer was summed up and plotted as a diffusion profile. Figure 2 shows exemplarily intensity versus depth diffusion profiles for healthy and osteoporotic corticalis obtained from ToF-SIMS depth profiling. In SIMS depth profiles, the first data points are commonly influenced by variable dopant concentrations of both primary and sputter ions. Besides that, contamination of the sample surface also occurs. This resulted in an unsteady matrix with non-reliable secondary ion data. For that reason, the first data points of the diffusion profile were skipped for fitting equation ( 
Structure of cortical bone
To characterize the nano-and ultrastructure of healthy and osteoporotic cortical bone different modes and methods were applied: high annular darkfield (HAADF) imaging in scanning transmission TEM (STEM) mode, TEM brightfield (BF) imaging, electron diffraction (ED) and HRTEM imaging including Fourier transformation (FT) of the HRTEM images (figure 4). STEM images, as well as the TEM-BF images, depicted mostly lamellar and irregular structures with no significant structural differences between healthy and osteoporotic bone. In STEM-HAADF images, the 65 nm periodicity typical for mineralized collagen fibrils can be seen. ED patterns revealed that calcium hydroxyapatite (HAP) is the dominant phase in the images of both healthy and osteoporotic cortical bone. In HRTEM images, the strip-type arrangement of hydroxyapatite was visible with the (100) and (112) lattice planes of HAP with distances of 0.82 nm and 0.28 nm, respectively. The c axis was oriented parallel to the collagen fibrils in the mineralized areas of healthy as well as osteoporotic cortical bone with no significant differences between the two groups.
HRTEM images of healthy and cortical rat bone were computationally segmented using FibrilTool. Both anisotropy and average fibril orientation (figure 5) of collagen fibres were slightly higher in healthy cortical bone than in osteoporotic cortical bone. However, the differences were not statistically significant. royalsocietypublishing.org/journal/rsif J. R. Soc. Interface 16: 20180638 [26, 29] . These characteristic peaks and fragmentation patterns of collagen and HAP were also obtained from mineralized bone tissue.
Quantification of Sr 2þ content in bone
For Sr 2þ quantification in collagen standards, depth profiles were measured of each prepared standard. The plot of the obtained signal intensities of Sr
Sr 2þ content in collagen standard tapes resulted in a linear relationship (figure 6a). The actual strontium content of the collagen standards was determined using ICP-OES. The large error bars are partly due to rough surfaces of the collagen standards, which influences the signal intensity. Bone cross-sections of rat femurs from two different animal groups (empty defect, pS100) were analysed. pS100 is the paste variant of the Sr 2þ -enriched calcium phosphate cement S100 [11, 13, 41] . For S100, successful release of Sr 
Discussion
Our present study provides new insights into Sr 2þ transport properties in bone. We demonstrate that Sr 2þ diffusion in healthy cortical rat bone does not differ from Sr 2þ diffusion in osteoporotic cortical rat bone. Moreover, we establish standards for Sr 2þ quantification in rat bone by ToF-SIMS.
In our study, two-dimensional ToF-SIMS images of healthy bone reveal the typical bone structure with a thick layer of cortical bone forming the shell and the trabecular network in the inner area (figure 1), as described in the literature [42] . In both healthy and osteoporotic cortical bone, we obtain three-dimensional mass data which show nearly homogeneous Ca 2þ distribution, while for Sr 2þ , a concentration gradient with several fast diffusion paths can be observed ( figure 1 ). These fast diffusion paths in cortical bone are possibly Haversian canals or osteocyte networks and need to be further investigated [42, 43] . For determination of Sr 2þ diffusion coefficients in healthy and osteoporotic cortical rat bone, we fitted the solution of Fick's second law for diffusion into semi-infinite space with ToF-SIMS depth profile data. Minor deviations between experimental and theoretical data are due to the complex bone morphology of cortical bone which is a natural tissue and therefore different from individual to individual. These differences can be seen in two-dimensional and three-dimensional ToF-SIMS images (figure 1). Figure 3 . Experimentally obtained diffusion coefficients (D) of osteoporotic and healthy cortical bone. For both osteoporotic and healthy cortical bone, n ¼ 9 samples (one bone sample of three animals each from each group, on each bone sample, three depth profiles) were analysed. The mean diffusion coefficient for healthy cortical bone differs only slightly from the mean diffusion coefficient for osteoporotic bone (Mann -Whitney test).
royalsocietypublishing.org/journal/rsif J. R. Soc. cortical bone. The reason for the relatively large errors of the diffusion coefficients is due to the fact that the experimental data were obtained from cortical bone from three different animals of each group. As said before, bone is a natural tissue with a complex morphology and differs from individual to individual. Nonetheless, these results indicate a comparable bone nanostructure for both types of cortical bone status. Here, we used TEM for the investigation of cortical bone nanostructure from the diaphysis of healthy and osteoporotic rat femur. As expected from our experimentally obtained diffusion coefficients, TEM images and computational segmentation of collagen fibrils using FibrilTool show no significant difference between healthy and osteoporotic cortical bone.
In a recently published study, we investigated Sr 2þ transport in trabecular bone [28] . Trabecular bone is present within or at the ends of long bones and shows less density, less homogeneity as well as a lesser degree of parallel orientation of lamellae than cortical bone [44] . In contrast with our present study, in trabecular bone, the diffusion coefficient . This significant difference was correlated with different trabecular bone nanostructure, which was observed by focused ion beam scanning electron microscopy and TEM.
Osteoporosis is generally defined as loss of bone mass. Nonetheless, previous studies revealed differences in osteoporotic bone loss between trabecular and cortical bone [44 -46] . In both cases, osteoporotic bone loss is a response to an imbalance in bone remodelling. In healthy bone, amounts of removed and replaced bone tissue during bone remodeling are equal to each other. In osteoporosis, bone resorption is faster than new bone formation, thus disturbing Figure 4 . Comparison of the nano-and ultrastructure of healthy and osteoporotic cortical rat bone investigated by TEM. In STEM-HAADF images, the 65 nm periodicity typical for mineralized collagen fibrils can be seen. In HRTEM images, the strip-type arrangement of hydroxyapatite is visible. FT of HRTEM images was applied to quantify the mean collagen orientation. There were no significant differences between healthy and osteoporotic rat bones. n ¼ 7 TEM lamella were analysed from each group. Figure 5 . Collagen fibre properties of OVX and SHAM cortical rat bone obtained using FibrilTool. OVX and SHAM showed no statistically significant differences in fibril anisotropy (a) and fibril orientation (b) (two-way ANOVA test accompanied by two-sample t-test). For both osteoporotic and healthy cortical bone, n ¼ 6 HRTEM images were analysed, respectively.
royalsocietypublishing.org/journal/rsif J. R. Soc. Interface 16: 20180638 the remodelling balance [1, 44, 47] . Bone remodelling takes place on osseous surfaces. Therefore, bone loss can be displayed as a function of surface availability for bone turnover. Compared to cortical bone, trabecular bone possesses a high surface-to-volume ratio. Thus, the remodelling rate of trabecular bone is much higher than for cortical royalsocietypublishing.org/journal/rsif J. R. Soc. Interface 16: 20180638 bone and trabecular bone loss takes place before cortical bone loss [44] [45] [46] . In contrast with our previous study of trabecular bone [28] , in our current study, there are no significant differences between healthy and osteoporotic cortical bone, neither in drug distribution behaviour nor in bone ultrastructure. Therefore, our results indicate an early stage of osteoporosis in which mainly trabecular bone loss occurred. Moreover, diffusion coefficients for Sr 2þ in healthy and osteoporotic cortical bone are one magnitude lower than Sr 2þ diffusion in healthy trabecular bone and three magnitudes lower than Sr 2þ diffusion in osteoporotic trabecular bone. Together with our results of TEM analysis of cortical bone ultrastructure, this shows a denser bone tissue in cortical bone than in trabecular bone which is in line with [44, 48, 49] .
In the second part of our study, we applied locally resolved quantification of Sr 2þ in bone sections using ToF-SIMS. Owing to the matrix effect, quantification of concentrations using ToF-SIMS is quite challenging and appropriate standards are required for nearly identical compositions as in the material analysed [29] [30] [31] . ToF-SIMS analysis of the collagen standards and bone tissue reveal characteristic peaks and fragmentation patterns of collagen and HAP, which are well known from different ToF-SIMS studies of bone tissue [25, 26, 29] . Bone samples from two different animal groups were obtained six weeks after induction of critical-size metaphyseal fracture defect in the femur of osteoporotic rats according to [12] . In one animal group, the defect was left empty. Therefore, these bone samples served as a control for natural Sr 2þ occurrence in bone. In the second group, the defect was filled with the Sr 2þ -enriched calcium phosphate cement paste pS100 [34] . The release of Sr 2þ from the cement, as well as calcium and collagen mass distribution of bone cross-sections, are studied by ToF-SIMS. In rat bone sections containing pS100 cement, Sr 2þ is detected in the remaining bone cement and biomaterial/tissue interface regions. Furthermore, strontium enrichment is found up to 4-6 mm from the implant area in trabecular bone and the outer areas of cortical bone oriented to the cement. This demonstrates the successful in vivo release of strontium from the bone cement into the bone. Additionally, fragmentation of pS100 is shown. These findings are consistent with a previous study, which demonstrated considerable release of Sr 2þ from strontiumcontaining bone cements in vivo [12] with enhanced new bone formation clearly associated with the local release of Sr 2þ from SrCPC. Our data are also in line with [28] .
For the first time, we not only studied whether a detectable amount of Sr 2þ is incorporated into new bone tissue in vivo or not but also quantified Sr 2þ content in bone sections. Measurement of Sr 2þ content in bone tissue is quite important for determination of the effectiveness of Sr 2þ release from bone cements. Numerous studies reported strontium incorporation into mineralized bone [5, 50] . Hereby, Sr 2þ is bound on the surfaces of the HAP crystals of old bone and found in higher concentrations in the bulk of newly formed bone [50 -52] after oral administration of strontium. Furthermore, Dahl et al. [5] found out that the amount of strontium in trabecular bone is higher than that in cortical bone because Sr 2þ incorporation is influenced by bone turnover. In our present study, we were able to distinguish strontium content of different bone compartments. We found higher amounts of strontium in trabecular bone than in cortical bone. Moreover, Sr 2þ content in cortical bone close to pS100 cement was higher than Sr 2þ content in cortical bone somewhat further away from the cement. Therefore, our findings are in line with those of others.
Conclusion
This study shows the application of ToF-SIMS to assess Sr 2þ ion distribution as well as quantification in bone. The results provide important insights regarding the transport properties in healthy and osteoporotic cortical bone. Together with the results of our recently published data, all experimentally obtained parameters can be used to perform a simulation of drug release and mobility in bone by finite-element calculation. Though further studies regarding Sr 2þ mobility in bone marrow are still necessary, this study contributes to our main goal: three-dimensional simulation of Sr 2þ mobility in bone using finite-elements calculation. This could be used as a tool for development and evaluation of new biomaterials to predict whether the amount of strontium released by a biomaterial will be sufficient to promote local bone healing. Overall, this might help to reduce animal experiments in the future. Data accessibility. The authors confirm that the data support the findings of this study. Data are exemplarily shown within the article and its electronic supplementary material. Additional data that support the findings of this study are available from the corresponding author upon request.
